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Abstract 
Solute-drag creep is a diffusion-controlled process that may govern deformation in 
coarse-grained materials with solute atoms in solution. Elongation-to-failure tensile 
tests were conducted in a WE54 alloy containing solutes of Y and Nd in the range 25 to 
450 ºC. Elongations of more than 150% were observed at high temperatures and a 
maximum elongation to failure of 312% was determined at 450 ºC and 10-2 s-1. 
Microstructural observations show elongated grains and the presence of dislocation 
bands after deformation under these conditions. Strain-rate-change tests reveal a range 
at high temperatures showing low stress exponents. Since grain boundary sliding was 
discarded as a possible controlling mechanism, the observed low stress exponents, high 
elongations and elongated grains are attributed to solute-drag creep as the principal 
deformation mechanism.  
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1. Introduction 
Magnesium WE54 alloy is a heat treatable high strength casting alloy. It combines 
high strength–density ratio with excellent mechanical properties and it can be used in 
structural applications at temperatures up to 300°C [1]. Additionally, the presence of 
yttrium provides good corrosion resistance to this alloy.  However, this alloy has very 
limited formability during conventional forging processes at elevated temperature. 
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It is well known that Y, Nd and RE are elements that significantly strengthen the 
magnesium-based alloys due to their large atomic size and large solubility [1–4].  The 
alloy elements are usually combined during the melting process prior to cast in the form 
of magnesium base master alloys [4,5]. This process is normally carried out using 
electric furnaces in the presence of an oxygen and humidity free atmosphere. Such alloy 
strengthening is caused by precipitation hardening and solid solution hardening [2,6–
10]. At the same time, these elements improve the ductility by weakening the 
recrystallization texture [11–13]. Additionally, it is worth to mention that the activation 
energies for the diffusion of these elements in the magnesium matrix are high and the 
diffusivity values are low and, therefore, the precipitation kinetics is strongly influenced 
by temperature [9].  
It has been demonstrated in the last decades that the mechanism of grain boundary 
sliding (GBS) allows reaching very high elongations to failure [14–16]. This has an 
important application in the manufacturing industry to form complex parts from 
metallic sheets. However, there is another deformation mechanism that has been 
observed to reach large elongations in Al-Mg alloys [17,18].  This mechanism is solute 
drag creep or viscous-glide creep, which depends on the solute atoms that are present in 
solid solution in some materials. Usually, a high size difference between the matrix and 
the solute atom favors the drag effect. Therefore, not all solutions in materials may 
impede dislocation motion by solute drag but Al and Mg are two metals that have been 
shown to exhibit solute drag creep [19–21].  As it will be shown, the WE54 contains 
elements in solid solution especially at high temperature or after controlled thermal 
treatments that are candidates to interact with gliding dislocations.  
Solute drag creep is a dislocation creep mechanism that is in competition with climb 
controlled dislocation creep since it is known that creep occurs by a sequential process 
involving glide and climb processes. Both should elongate the grains after deformation. 
The slower of these processes is controlling deformation.  Usually climb is the slower of 
the processes but in the case of dislocations hindering their movement, for instance, by 
the presence of solute atoms, glide would be the rate controlling process. 
Weertman [22] developed a theory for creep based on the dislocation motion 
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where the stress exponent, n, is three, A is a constant and Dsol is the diffusion of the 
particular controlling solute in the matrix.  
Finally, in the same range of temperatures and strain rates where GBS and solute-drag 
take place, a third mechanism, conventional slip creep (n ~ 5), may also be active. 
However, this mechanism shows lower strain rate sensitivity, m (being m the inverse of 
the stress exponent, n), and usually leads to smaller elongations to failure [22,23].  
In the current context for producing metallic materials with large ductility values, 
useful for any forming processes, it is key to avoid as much as possible any prior 
thermomechanical treatments, minimizing the total cost. In the present research, we 
elucidate the active creep mechanisms responsible of the large ductility observed in this 
alloy and the underlying reasons for the observed mechanical behavior from room to 
high temperatures.  
 
2. Material and experimental procedure 
The chemical composition of the WE54 magnesium alloy used in the present 
investigation has the following approximate nominal composition in weight %: 5-5.5% 
Y - 1.5-2% Nd - 1.5-2% RE - 0.45% Zr, balance Mg.  
The material was received in the form of extruded plates 300 x 80 x 5 mm3 in the T6 
condition. In this kind of magnesium alloys this temper is usually reached by solution-
treating at 525 ºC for 8 h, followed by quenching into hot water (60 ºC) and a final 
aging at 250 ºC for 12 h [24]. Samples were heat treated at different temperatures, 
intervals and cooling rates with the purpose of reaching minimum hardness. This 
minimum hardness condition was denominated TT condition.  
Samples for electron backscatter diffraction (EBSD) were prepared by standard 
preparation including mechanical polishing and chemical polishing for 5-10 s using a 
solution comprising 4.2 g picric acid, 10 ml acetic acid, 10 ml H2O and 70 ml ethanol. 
A 2% Nital etchant was used for optical microscopy studies.  
Tensile samples of 6 mm gage length were machined out of the plate with their 
longitudinal axis parallel to the extrusion direction. The tensile tests in the T6 and TT 
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condition were carried out at 10-2 s-1 and at temperatures in the range 20 to 450 ºC. 
Vickers hardness tests were conducted with a diamond indenter under 10 N load. 
Strain rate change tensile tests were conducted at temperatures in the range 300 to 
450 ºC. These tests were initiated by deforming the samples 15% at 10-2 s-1 and then 
decreasing the strain rate in several steps down to 10-5 s-1. In each step, the sample was 
deformed about 3%.  
 
3. Results and discussion 
3.1. Hardness tests 
The as-received WE54 alloy, in the T6 temper condition, showed HV = 89, which 
was taken as the maximum hardness value in this alloy. Various heat treatments were 
selected to reach the minimum hardness in order to compare microstructures and 
determine its influence in the mechanical properties at high temperature.  
Fig. 1 shows the hardness values as a function of time. Minimum hardness values of 
78 and 73 HV are obtained after 2 and 1 h at 200 and 280 ºC, respectively. For longer 
treatment times, the hardness increase progressively up to values of 85 and 80 HV for 
200 and 280 ºC respectively. Taking into account this evolution, additional tests were 
conducted at higher temperatures, 450 and 520 ºC, and cooling rates of 8 ºC/min 
reaching values of 72 and 69 HV respectively. These last two tests showed the 
importance of the cooling rate on the mechanical properties. Therefore, a lower cooling 
rate of 1 ºC/min was selected to obtain the lowest hardness value of 62 HV from 500 ºC, 
named TT condition. 
 
3.2. Microstructure 
The microstructure of the as-received material (named T6 condition) is given in Fig. 
2. The figure shows equiaxed grains varying between 50 and 250 m.  An average grain 
size of 150 m was determined by means of the linear intercept method. 
The morphology of the grains and precipitates of the temper with the highest 
hardness values, T6 condition, and its evolution with the heat treatment was studied 
through SEM micrographs. Fig. 3 gives details of two regions of the microstructure 




Fig. 1. Hardness as a function of annealing time for the WE54 alloy. Cooling rates in 
the samples at high temperature corresponded to furnace cooling.  
 
       





Fig. 3. SEM micrographs of the WE54 magnesium alloy in the T6 condition showing a) 
the disposition of precipitates and denuded zones at grain boundaries and b) denuded 
zones around lenticular precipitates of large size. 
 
The volume fraction of the precipitates was 11.5%. Fig. 3 shows a high amount of 
precipitates of lenticular morphology and different sizes. The smaller and more 
abundant are about 100 nm large and 10 nm width and are situated in the interior of the 
grains, Fig. 3(b), distributed following a prismatic-planes habit. It is our contention that 
these precipitates can be identified as β1 (Mg3Nd) similarly to the ones found elsewhere, 
[10,24]. The larger particles are about 2-4 m long and 50 nm wide. These precipitates 
are surrounded by a denuded zone as shown in Fig. 3(b). Another group of precipitates, 
far much scarcer and distant, is that with a square prismatic structure of 1 to 4 m in 
size. Finally, there are large precipitates of about 50 to 100 nm in thickness decorating 
the grain boundaries. The diffusion of solutes towards these boundaries left behind 
denuded zones that are around 3 m in width. 
Fig. 4 shows micrographs of WE54 T6 after thermal treatments, corresponding to 
200 and 280 ºC during 2 and 72 h followed by fast cooling. The micrographs that 
correspond to the low hardness values of Fig. 1 at 200 and 280 ºC are given in Fig. 4(a) 
and (c), respectively. It should be noted that the minimum hardness was reached for 
treatments of 1 h at 280 ºC but the microstructures are similar to those of 2 h presented 





Fig.4. SEM micrographs for WE54 T6 samples treated at 200 and 280 ºC at 2 and 72 
h followed by fast cooling: a) 200 ºC/2h, b) 200 ºC/72h, c) 280 ºC/2h, and d) 280 
ºC/72h.  
 
After two hours at both temperatures, 200 and 280 ºC, the volume fraction of 
precipitates increases. At 200 ºC the precipitates have the same morphology than those 
of Fig. 3 in the T6 condition.  In contrast, at 280 ºC for 2 h, Fig. 4c, a higher amount of 
large lenticular precipitates is formed, in many cases in a hexagonal lay-out.  
Large hardness values are observed after 72 h at 200 ºC, and moderate hardness at 
280 ºC (Fig. 1). The corresponding microstructures are shown in Fig. 4b and d, 
respectively. At 200 ºC, new and very small, finely distributed lenticular particles cover 
the entire magnesium matrix.  At the same time, some large lenticular particles grow 
notably along their longitudinal axes. In contrast, at 280 ºC/72 h, large precipitates are 
located in the interior of the grains forming angles of about 120º.  
Fig. 5 shows micrographs of the samples annealed at 480 and 520 ºC for 5h and 
furnace cooling, i.e. at low cooling rates of about 8 ºC/min, corresponding to low 
hardness values in Fig. 1. The microstructure at 500ºC was almost the same as that at 
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520ºC and is not included in the figure. In both cases, the microstructures are similar 
and consist of a lower amount of precipitates in the matrix and a higher concentration at 
grain boundaries. Both conditions present lenticular and prismatic precipitates. Their 
size and separation are larger than those observed in Fig. 4 at lower annealing 
temperatures, which explains the low hardness observed. It is concluded that a 
minimum hardness is observed for annealing at a high temperature to obtain large 
precipitates, distant from each other, and cooled down at a very low cooling rate to 
allow the solute atoms to migrate toward the precipitates.  In this way, moreover, a low 




Fig. 5. SEM micrographs of thermal treatments for 5 h and slow cooling in furnace 
from a) 450 ºC and b) 520 ºC.  
 
 
3.3. Tensile tests to fracture 
Stress-strain curves at an initial strain rate of 10-2 s-1 tested from room temperature to 
450 ºC for the WE54 magnesium alloy in the thermal treatment conditions T6 and TT 
are given in Fig. 6.  
Table 1 shows the values of the mechanical parameters extracted from Fig. 6: yield 






Fig.6. Stress-strain curves at 10-2 s-1 and various temperatures for the WE54 
magnesium alloy in the thermal treatment conditions T6 and TT. 
 
 
Fig. 7 shows the variation of the UTS with temperature for the T6 and TT conditions. 
The higher values of the stress for the T6 condition is attributed to the higher 
concentration of solute atoms in the matrix and the smaller size of precipitates. Above 
250 ºC there is an increasing dissolution of precipitates and increasing amount of 
solutes with temperature, so that the mechanical behavior of both conditions tend to 
converge.  
The elongation to failure as a function of temperature extracted from the constant 
strain rate tests at 10-2 s-1 in both states is shown in Fig. 7. The ductility increases with 
temperature and a strong increase is observed above about 300 ºC with a maximum for 
the elongation to failure of 312% at 450 ºC in the T6 state.  This is a remarkable result 
since the grain size is coarser than 150 m at the start of the tests (Fig. 2). Furthermore, 
all microstructures after testing at high tempertature appear strongly elongated. As an 
example, Fig. 8 shows the microstructure of a sample in the T6 condition deformed 
141%, at 400 ºC and 10-2 s-1. Such coarse microstructure and the elongated appearance 
after testing eliminates grain boundary sliding as a possible dominant deformation 
mechanism, since this mechanism requires equiaxed grain sizes lower than 15 m 
[14,25].  Additionally, the micrographs of Fig. 8 revealed dislocation bands within the 
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elongated grains after testing, which suggests that deformation is controlled by a slip 
creep mechanism.   
Moreover, the very close values of UTS for both states at about 150-200 ºC, Fig. 7, 
and the slight ductility drop at 250 ºC for the T6 condition suggest the influence of 
solute effects, as it will be discussed later. 
 
 
Table1. Mechanical parameters for the WE54 magnesium alloy for the T6 and TT 
conditions tested at 10-2 s-1 at various temperatures.  
 
T ( ºC) σ0,2 (MPa) UTS (MPa) eu (%) ef (%) 
WE54 
T6 
25 245 299 2 3 
150 226 277 8 10 
200 252 276 8 17 
250 239 270 10 13 
300 147 220 16 22 
350 145 162 19 52 
400 74 92 2 141 
450 44 46 1 312 
WE54 
TT 
25 181 251 4 14 
150 160 239 10 20 
200 152 239 15 25 
250 137 223 17 30 
300 132 187 18 46 
350 113 134 8 87 
400 75 82 2 197 







Fig. 7. The UTS and the elongation to failure as a function of temperature for the 




Fig. 8. Microstructure of a sample in the T6 condition deformed 141%, 400 ºC at 




3.4. Strain rate change tensile tests 
With the goal of assesing the deformation mechanism at various temperatures in the 
WE54 magnesium alloy in the T6 and TT conditions, a series of strain rate change tests 
were conducted to determine the stress exponents and the activation energies. Fig. 9 
shows these tests at 300, 350, 400 and 450 ºC. 
Two different stress exponent regions are observed in Fig. 9. At high strain rates, 
stress exponent values higher than 5 are observed corresponding to a slip creep 
mechanism. A transition to lower n values with decreasing strain rates is observed at all 
four temperatures. At low strain rates, values of n of about 3 are measured for the T6 
and TT states at 350, 400 and 450 ºC. These values are close to the theoretical value of 
3 for the solute-drag creep equation, Eq. (1). An estimation of the activation energy for 
deformation, at low strain rate, presented large scatter around values somewhat higher 
than QL, the activation energy associated to lattice self-diffusion. This fact is related 
with microstructure and mechanism changes, which vary from intermediate to high 




Fig. 9. Strain rate as a function of stress at temperatures in the range 300 to 450 ºC 




3.5. Deformation mechanisms 
The high temperature behaviour of the WE54 magnesium alloy differs from the 
conventional behaviour of most alloys since a progressive UTS decay is not observed as 
it is usually obtained in most alloys, Fig. 7.  This behavior is schematically shown in 
Fig. 10 on hand of the results obtained previously. The data points correspond to those 
of Fig. 7. The figure shows on one hand, at high temperatures, a considerable drop of 
stress with increasing temperature which is typical of a solute drag mechanism with an 
associated n=3. On the other hand, for intermediate to low temperatures, a dynamic 
strain ageing (DSA) effect is present so that similar stress values can be obtained at a 
certain domain of strain rates and temperatures for which dislocations start moving 
faster than the dislocations containing solutes, also called solute clouds. This clouds are 
similar to the Cottrell atmospheres. For this strain rate and temperature domain the 
solute-drag mechanism is changing towards a conventional slip creep mechanism with 
higher stress exponents. For the WE54 alloy, this domain is around 150-250 ºC. 
It is known that in the WE54 alloy system, Y and Nd are present as solutes. The 
atomic radius of these elements, including the heavy rare earth elements, as a measure 
of their size, is very different from the size of the Mg atom favoring the solute drag 
creep mechanism. Therefore, among the possible slip creep mechanisms, solute-drag 
creep is a solid candidate. This mechanism requires the presence of solutes that hinder 
the moving dislocations. As mentioned in the introduction, the constitutive equation for 
this mechanism is characterized at high temperatures by a stress exponent equal to 3, 
Eq. (1). According to several investigations [22,26–28], the elongation to failure is 
closely related to low stress exponents. A stress exponent of 3 can be considered to be a 
low value and this can explain the high elongations observed in this alloy. The peak in 
stress observed, for instance, at 400 ºC, Fig. 6, at the beginning of deformation, is also 
indicative of the presence of solutes. Furthermore, with increasing temperature increases 
the precipitates dissolution increasing the amount of solutes facilitating this mechanism.  
A further proof of the operation of solute-drag creep is the behavior of the alloy at 
low temperatures. Fig. 7 shows almost no variation of the stress between room 
temperature and 250 ºC. This is valid for the T6 and for the TT conditions and is typical 
of the presence of solutes and the phenomenon of dynamic strain aging at relative low 
temperatures. Additionally, the remarkably low precipitate strengthening in magnesium 
14 
 
alloys is well known [29–31], while solute strengthening has a more important role for 
understanding the mechanical properties in magnesium alloys than in other alloy 
systems [32]. This relative low influence of precipitates occurs at both low and high 
temperatures. This behavior is similar to that found in an Al-Mg alloy, such that in this 
region the strength was reported to be independent of the temperature and also of the 
magnesium content [21,33]. It has been seen that this mechanism also operates in a 
WE43 magnesium alloy that contains similar alloying elements than the WE54 alloy but 
slightly less quantity of rare earth elements [27].  
Additionally, another phenomenon could be contributing to the fast stress drop from 
intermediate temperatures and, especially, to the high ductility acceleration with 
increasing temperature for this magnesium based alloy. This phenomenon is related to 
the easier activation of the slip in the prismatic and pyramidal planes with increasing 
 
 
Fig. 10.  Expected behavior (solid lines) without solute effects on both states of the 
WE54 magnesium alloy. 
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temperature, as their CRSS values get closer to that of the basal plane. Thus, there is an 
increasing number of slip planes available for deformation with increasing temperature 
[34].  
In any case, the increasing number of slip planes should not change the underlying 
creep mechanism, associated to solute drag creep with n=3 at high temperature, but 
would increase dramatically the elongation to failure as deformation accommodation 




1. The microstructure of the as-received material shows equiaxed grains of sizes 
between 50 and 250 m, containing lenticular precipitates of different sizes. The 
smaller and more abundant β1 (Mg3Nd) precipitates are about 100 nm large and 
10 nm width and are situated in the interior of the grains, distributed following a 
prismatic-planes habit. The larger particles, about 2-4 m long and 50 nm wide, 
are surrounded by a denuded zone.  
2. Increasingly large elongations of more than 300% are obtained at increasing 
high testing temperature in a WE54 magnesium alloy having coarse grain sizes, 
higher than 150 m in diameter. Grain boundary sliding is excluded as the 
mechanism governing deformation. 
3. The large elongations to failure observed at high temperatures are related to the 
low value of the stress exponent, close to three. Such a low stress exponent 
raises deformation stability. 
4. A solute-drag slip creep mechanism is proposed as the deformation controlling 
mechanism. The stress exponent close to three corresponds to that predicted by 
the constitutive equation of Weertman for this mechanism. The similar values of 
the stress found for each T6 and TT condition at high temperatures is in 
agreement with the influence of solid solution atoms. 
5. A transition from n=3 at low stresses to larger n values at high stresses and 
lower temperatures (150–250ºC) is consistent with the end of the solute-drag 
mechanism giving rise to a domain of dynamic strain ageing (DSA) with low 
ductility values for both T6 and TT conditions. This DSA domain is also 
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consequence of the interaction between dislocations and solid-solution atoms 
present in the WE54 magnesium alloy. 
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